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ReviewGlial Cells and Neurotransmission:
An Inclusive View of Synaptic Function
For instance, hippocampal astrocytes differentially con-
tact synapses (Figures 1B and 1C), and most (about
80%) of stratum radiatum large perforated synapses are
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Centre de Recherche en Sciences Neurologiques contacted by astrocytic processes, but only about half
of smaller macular synapses are associated with pro-PO Box 6128 Station Centre-Ville
Montre´al, Que´bec H3C 3J7 cesses (Ventura and Harris, 1999). In contrast, Berg-
mann glia processes in the cerebellum ensheatheCanada
most parallel and climbing fiber synapses (Grosche et
al., 1999, 2002; Spacek, 1985), with branches off the
main glial process, termed microdomains, encapsulat-Glial cells throughout the nervous system are closely
ing groups of many synapses (Figure 1D; Grosche etassociated with synapses. Accompanying these ana-
al., 1999, 2002). Retinal Mu¨ller cells (Newman and Zahs,tomical couplings are intriguing functional interac-
1998), hypothalamic astrocytes (Oliet et al., 2001), hip-tions, including the capacity of certain glial cells to
pocampal oligodendrocyte precursor cells (Bergles etrespond to and modulate neurotransmission. Glial cells
al., 2000), and other glial cells are also closely associatedcan also help establish, maintain, and reconstitute
with synapses.synapses. In this review, we discuss evidence indicat-
The variable physiology of different synapses likelying that glial cells make important contributions to
helps establish—and is influenced by—features of glial-synaptic function.
synapse contact. In fact, the close proximity of certain
glial cells to synapses facilitates their capacity to re-Introduction
spond to neurotransmission.Glial cells were long believed to be simple support cells
for neurons. Given this perception, the revelation that
Glial Cell Activation by Neurotransmissionsome of these cells engage in dynamic interactions with
Glial cells that contact synapses are typically sensitivesynapses during neurotransmission—the most quintes-
to synaptic activity. The fundamental importance of thissential neuronal function—was surprising. Evidence
is implied by its evolutionally conservation, with bothshows that glial cells can (1) respond to neurotransmis-
invertebrate (for example, see Britz et al., 2002) andsion, (2) modulate neurotransmission, and (3) instruct
vertebrate glial cells responding to synaptic activity.the development, maintenance, and recovery of syn-
Since glial cells are not electrically excitable in the fash-apses. In fact, many synapses have a glial contribu-
ion of neurons, information is encoded differently. Onetion(s) that modulates information flow between neu-
important glial cell response to neurotransmission isrons. Based on these criteria, we will discuss how glial
increased cytosolic Ca2 concentration. As will be dis-cells can affect neurotransmission at synapses; wher-
cussed in a subsequent section, this is believed to beever possible, in situ examples will be highlighted. The
crucial for some forms of glial-induced modulation ofreader is referred elsewhere for consideration of other
synaptic activity.neuron-glial interactions, which contribute to glial prolif-
PSCs at the frog NMJ respond to high-frequency syn-eration, differentiation, myelination, etc. (for reviews, see
aptic activity with increased Ca2 in situ (Figure 2A;Barres and Raff, 1999; Fields and Stevens-Graham,
Jahromi et al., 1992; Reist and Smith, 1992; for review,2002).
see Auld and Robitaille, 2003). This is dependent on
neurotransmitter release, and PSCs respond to ACh,Ensheathement of Synapses by Glial Cells
ATP, and substance P with increased Ca2 from an intra-There are a number of common features that character-
cellular pool(s). Mouse PSCs also respond to synapticize the anatomical relationship of glial cells with CNS
activity with increased Ca2 (Rochon et al., 2001), in-and PNS synapses, notably the close proximity of glial
dicating that this is an evolutionarily conserved charac-processes to transmitter release sites (Figure 1). For
teristic.instance, at vertebrate NMJs, perisynaptic Schwann
Compared to PSCs, many CNS glial cells display simi-cells (PSCs) extend processes that run in close opposi-
lar responses to synaptic activity. Pioneering worktion to the nerve terminal and encroach upon the synap-
showed that glial cells in culture respond to neurotrans-tic cleft with finger-like extensions near active zones
mitters, and this has been largely confirmed in more(Figure 1A; for review, see Salpeter, 1987). In fact, it is
intact in situ slice preparations (for reviews, see Araqueexceedingly rare for nerve terminals not to be closely
et al., 2001; Carmignoto, 2000; Verkhratsky et al., 1998).associated with PSC processes.
In hippocampal astrocytes in situ, glutamate applica-In keeping with the heterogeneity of CNS synapses,
tions induce Ca2 responses in processes and somatathe extent of their synapse-glial contact is not uniform.
by metabotropic and ionotropic receptors (Pasti et al.,
1997; Porter and McCarthy, 1995; Shelton and McCar-
*Correspondence: daniel.auld@mail.mcgill.ca (D.S.A.), richard. thy, 1999). Also, Ca2 is increased in hippocampal
robitaille@umontreal.ca (R.R.)
astrocytes by synaptic activity in acute or cultured slice1 Present address: Centre for Neuronal Survival, Montreal Neurologi-
preparations, which also involves glutamate (Dani et al.,cal Institute, 3801 University Street, Montreal, Quebec H3A 2B4,
Canada. 1992; Pasti et al., 1997; Porter and McCarthy, 1996). The
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Figure 1. Glial Ensheathement of PNS and CNS Synapses
(A) Finger-like extensions of a PSC at a frog NMJ encroach upon the synaptic cleft. Modified from Jahromi et al. (1992), copyright and reprinted
with permission from Elsevier.
(B and C) Micrograph and reconstruction of synapses (arrows) in the stratum radiatum of the CA1 area of the hippocampus: astrocytic
processes (arrowheads) are evident adjacent to pre- and postsynaptic elements at certain synapses. Modified from Ventura and Harris (1999),
copyright by the Society for Neuroscience.
(D) Reconstruction of a group of neighboring cerebellar synapses with surrounding Bergmann glial cell (blue-green). Small arrowheads point
to neuronal surfaces not covered by glial sheaths from the labeled cell. Modified from Grosche et al. (2002), copyright and reprinted by
permission of Wiley-Liss Inc., subsidiary of John Wiley & Sons, Inc.
astrocyte Ca2 response is characterized by repetitive prospect. In keeping with this, inhibition of astrocyte
glutamate uptake has been shown to be involved inelevations, and the frequency of these relatively slow
(versus presynaptic firing) oscillations rises with the fre- adenosine-induced potentiation of synaptic efficacy in
hippocampal cultures (Nishizaki et al., 2002).quency of synaptic activity (Pasti et al., 1997). Recently,
the astrocyte Ca2 oscillation response has been shown Bergmann glia of the cerebellum also respond to neu-
rotransmitters with cytosolic Ca2 increases (for review,to contribute to arteriole dilation, suggesting its impor-
tance for coupling neuronal activity to blood flow (Zonta see Verkhratsky et al., 1998). Glutamate acts on Berg-
mann glia through AMPA receptors that have high levelset al., 2003).
Hippocampal astrocytes also respond to adenosine, of Ca2-permeable GluR1 and GluR4 subunits (Burna-
shev et al., 1992; Muller et al., 1992), but nonionotropicATP, GABA, histamine, norepinephrine, and acetylcho-
line (for review, see Verkhratsky et al., 1998). This wide receptors linked to intracellular Ca2 stores may also
be involved (Kirischuk et al., 1999). Parallel fiber stimu-array of neurotransmitters is consistent with the neuro-
chemical heterogeneity of hippocampal innervation; lation increases Ca2 in Bergmann glia microdomains
(Grosche et al., 1999), and this has been shown to de-the possibility that astrocytes could contribute to the
neuromodulatory action of these inputs is an exciting pend on nitric oxide (Matyash et al., 2001).
Nevertheless, glutamate signaling by AMPA receptors
likely plays an important role in the maintenance of Pur-
kinje cell spine synapse ensheathement by Bergmann
glia. Eliminating the Ca2permeability of these receptors
results in process retraction, leaving synapses naked
(Figure 3; Iino et al., 2001). This is accompanied by de-
layed removal of synaptic glutamate (Iino et al., 2001).
Thus, rather than engaging in static encapsulation,
Bergmann glia appear to require constant input from
their associated synapses to maintain the relationship.
In this fashion, active synapses likely help instruct their
own glial ensheathement, which subsequently influ-
ences their function by changes in glutamate uptake
(Iino et al., 2001). In fact, glutamate uptake is a major
mechanism by which many CNS glial cells influence
synaptic performance.
Modulation of Neurotransmission by Glial
Glutamate Uptake
Glial ensheathement is important for isolating synapsesFigure 2. A PSC at the Frog NMJ Responds to Synaptic Activity
with Increases in Ca2 from one another. Glial processes (notably hippocampal
astrocytes and Bergmann glia) have high concentrationsData from the authors’ laboratory.
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mal to Purkinje cell synapses (Chaudhry et al., 1995).
The probable importance of this for establishing charac-
teristics of synaptic transmission has been demon-
strated by kinetic modeling (Rusakov and Kullmann,
1998), as well as by observations showing that gluta-
mate transporters influence synaptic efficacy (Tong and
Jahr, 1994) and glutamate spillover affects neurotrans-
mission at neighboring synapses (Mitchell and Silver,
2000). Together, these studies imply that uptake and/
or binding of glutamate by these glial transporters helps
to determine the flow of information within both hippo-
campal and cerebellar circuitries. This is likely also the
case in the retina (Lehre et al., 1997) and hypothalamus
(Oliet et al., 2001).
Interestingly, a physiologically occurring process in
the hypothalamic supraoptic nucleus depends on syn-
apse contact and glutamate uptake by astrocytes (Oliet
et al., 2001). During lactation, astrocytic processes with-
draw from synapses and this is associated with in-
creases in glutamate concentration and/or clearance
time at these synapses. This is hypothesized to enhance
inhibitory feedback through presynaptic metabotropic
glutamate receptors, subsequently decreasing the proba-
bility of release (Oliet et al., 2001). Thus, changes in
systemic physiology (lactation) are associated with
changes in the proximity of glial processes to synapses,
which in turn have functional consequences for synap-
tic efficacy.
In light of the association between changes in synapse
contact by glia and changes in synaptic function (Iino
et al., 2001; Oliet et al., 2001), the disparity of synapse
coverage by glial cells within and between CNS regions
is intriguing (Spacek, 1985; Ventura and Harris, 1999).
It is possible that synapses that are differentially associ-
ated with glial processes may also behave differently
by virtue of that association. If glial coverage is capable
of remodeling, this could be important for changing the
character of glial neuromodulation and could contribute
to certain forms of synaptic plasticity. In this regard, it
may be telling that induction of LTP (Wenzel et al., 1991)
Figure 3. Glutamatergic Signaling Helps Maintain Glial En- and exposure to a complex environment (Jones and
sheathment of Cerebellar Synapses Greenough, 1996) enhance contacts between astrocyte
Disruption of AMPA receptor signaling in Bergmann glia (blue) by processes and synaptic elements. Indeed, physiological
adenoviral delivery of Ca2-impermeable GluR2 subunits is accom- or pathological factors that influence glial synapse cov-panied by loss of synapse encapsulation: Ca2-permeable (A) and
erage, glutamate uptake, and/or changes in secreted-impermeable (B) AMPA receptors. Scale bars represent 1 m in
neuromodulators (see below) are likely to influence syn-(A) and (B) and 0.5 m in the inserts. Reprinted with permission
apse behavior and information processing within manyfrom Iino et al. (2001), copyright American Association for the Ad-
vancement of Science. neuronal circuits.
New evidence links glial glutamate uptake with a clas-
sically envisioned glial function, namely the provision of
of GLAST and GLT-1 glutamate transporters, with up- metabolites to neurons (Voutsinos-Porche et al., 2003). It
take and/or binding of glutamate by these transporters is hypothesized that [Na]i increases, which accompany
being critical for limiting the action of glutamate at many glutamate uptake, enhance astrocyte glucose utilization
synapse (Bergles and Jahr, 1997; Chaudhry et al., 1995; and lactate secretion, the latter of which can be used
Clark and Barbour, 1997; Lehre and Danbolt, 1998; Roth- by neurons as an energy substrate. Thus, glutamate
stein et al., 1996; Rusakov and Kullmann, 1998; for re- uptake by glial cells can serve as a precise trigger for
view, see Danbolt, 2001). Indeed, recordings of transport supplying energy to synapses when and where it is most
currents from hippocampal astrocytes and pyramidal needed. This complements the importance of astrocyte
neurons show that astrocytes are principally responsible Ca2 oscillations for increasing blood flow (Zonta et al.,
for glutamate clearance at certain hippocampal syn- 2003), implying that different glial responses to neuro-
apses (Bergles and Jahr, 1998). Bergmann glia also re- transmission coordinate the local supply of energy and
spond to stimulation of the granule cell layer and parallel blood flow in an activity-dependent fashion.
fibers with glutamate uptake (Bergles et al., 1997; Clark Another contribution of glial cells to glutamate neuro-
transmission is precursor supply. Following uptake byand Barbour, 1997), and GLAST is concentrated proxi-
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astrocytes, glutamate is converted to glutamine and zyme, is selective for glial cells (Wolosker et al., 1999).
Consistent with a possible role in vivo, D-serine is en-subsequently returned to nerve terminals for processing
riched in astrocyte processes and colocalized nearback into glutamate (for review, see Hertz et al., 1999).
NR2A/B subunits (for review, see Snyder and Kim, 2000)In keeping with its significance for synaptic function,
at known sites of astrocyte neuromodulation.pharmacological disruption of this pathway alters gluta-
Glial modulation of neuronal activity and neurotrans-matergic neurotransmission (Bacci et al., 2002). Thus,
mission is not a feature that is only observed in culturethrough glutamate uptake and glutamine shunt, certain
conditions. Indeed, astrocyte activation is associatedglial cells have a dual influence on neurotransmission.
with neuromodulation in neuronal circuits in situ. In hip-However, glial cells are increasingly being recognized
pocampal slices, astrocyte Ca2 elevations elicited byas modulating synaptic activity through other means
repetitive neuronal activity or exposure to metabotropicas well.
glutamate receptor antagonists are followed by delayed
Ca2 elevations in neighboring neurons, which are gluta-Glia Modulation of Neurotransmission
mate receptor dependent and tetanus toxin resistantand Neuronal Activity by Secreted Molecules
(Pasti et al., 1997). Interestingly, evidence suggests thatIn this section, we present evidence showing that certain
prostaglandins (notably PGE2) stimulate astrocyte gluta-glial cells can influence neuronal excitability and neuro-
mate release in a Ca2-dependent fashion. Moreover,transmission by secreted neuromodulators. In many
the release of glutamate by astrocytes following theircases, this appears to be dependent on glial Ca2 in-
activation via AMPA/kainate and metabotropic recep-creases, showing that this well-documented response
tors is prevented by prostaglandin synthesis inhibitorsto neurotransmission is critical for neuromodulatory
(Bezzi et al., 1998). Interestingly, the prostaglandin/feedback. These studies bolster the concept of the tri-
astrocytic glutamate release pathway participates inpartite synapse, which posits that certain glial cells
chemokine-induced neurotoxicity (Bezzi et al., 2001).serve as integral modulatory elements at synapses (Ar-
These data suggest that neuron-glial interactions couldaque et al., 1999).
contribute to pathological conditions in the nervousPioneering work by Haydon and colleagues, using
system.hippocampal neuron-glial cocultures, has shown that
As is the case for Ca2 responses and glutamate up-activation of astrocytes with bradykinin subsequently
take, Bergmann glia resemble hippocampal astrocytesincreases Ca2 in neighboring neurons in an NMDA-
in their capacity to modulate neighboring neurons throughdependent fashion, implying that activated astrocytes
glutamatergic receptor activation. Direct depolarizationrelease glutamate (Parpura et al., 1994). Subsequent
of Bergmann glial cells in situ results in long-lastingwork has shown that astrocyte Ca2 increases in re-
reduction of the frequency of miniature postsynapticsponse to stimulation (e.g., mechanical) have three ma-
currents recorded in Purkinje neurons (Brockhaus andjor effects on neighboring neurons: (1) induction of a
Deitmer, 2002). This is associated with activation ofslow postsynaptic NMDA-dependent inward current; (2)
ionotropic non-NMDA receptors, consistent with thean increase in TTX insensitive spontaneous neurotrans-
involvement of glutamate as a glial-derived neuromodu-
mitter release from excitatory and inhibitory neurons;
lator in situ. Moreover, as with hippocampal astrocytes
and (3) a decrease in action potential-evoked excitatory
(see above) and Mu¨ller glia (see below), D-serine is pres-
and inhibitory postsynaptic currents, likely involving ac-
ent in Bergmann glia and may be used as a neuromodu-
tivation of presynaptic metabotropic glutamate recep- lator (for review, see Snyder and Kim, 2000).
tors (Araque et al., 1998a, 1998b). In these studies, the In addition to the hippocampus and the cerebellar
use of Ca2 chelators and Ca2 photolysis has shown cortex, regulated glial secretion of neuroactive gluta-
that Ca2 elevation in astrocytes is necessary and suffi- mate also appears to occur in the retina. In situ, mechan-
cient for neuromodulation. Vesicular proteins are pres- ical stimulation of glial cells induces Ca2 waves that
ent in astrocytes and are believed to be important for propagate through retinal glial cells (Newman and Zahs,
glutamate release (Araque et al., 2000). Together, these 1998; for discussions of glial Ca2 waves, see Araque
experiments show that astrocytes can acutely modulate et al., 2001; Carmignoto, 2000; Verkhratsky et al., 1998).
neuronal activity and synaptic transmission by activat- When these waves pass retinal ganglion neurons, they
ing various neuronal glutamate receptor subtypes in a cause changes in light-evoked spike frequency (usually
fashion that is likely to involve regulated secretion of reductions, but also increases) (Figure 4). The extent of
glutamate or an agonist. this modulation is proportional to the glial Ca2 eleva-
Complementary to glutamate receptor activation fol- tion, and treatments that reduce Ca2 also reduce the
lowing astrocyte stimulation, cultured hippocampal effect on spike frequency. The reduction of spike fre-
astrocytes can secrete the novel neuromodulator quency probably involves activation of inhibitory inter-
D-serine. In keeping with the well-characterized sensi- neurons following glutamate release from glial cells in
tivity of astrocytes to glutamate, secretion of D-serine a Ca2-dependent fashion. This is supported by the ob-
can be induced by exposure to this neurotransmitter, servations that antagonism of AMPA and NMDA recep-
likely through kainate receptor activation (Schell et al., tors reduced the inhibition of spike activity. In addition
1995). Interestingly, D-serine is a potent agonist for the to glutamatergic mechanisms, ATP release by activated
glycine binding site of NMDA receptors (Mothet et al., glial cells also contributes to the inhibition of neuron
2000), raising the possibility that some of the effects spiking, with this purinergic modulation likely originating
ascribed to glial glutamate release could also involve selectively from Mu¨ller cells and involving adenosine
glial D-serine release (see below). Moreover, it was produced by ATP degradation (Newman, 2003). In sum-
mary, neuron activity induced by the natural stimulusshown that serine racemase, the D-serine synthesis en-
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direct stimulation of glial cells to evoke neuromodulatory
responses. Another important question is whether syn-
aptic activity can activate glial cells to influence the
neuronal elements they surround.
Experiments by Nedergaard and colleagues in hippo-
campal slices have provided evidence in favor of this
(Figure 5; Kang et al., 1998). Repetitive firing of interneu-
rons reduces the probability of synapse failure, with
this being dependent on GABAB receptors. Interestingly,
chelation of astrocyte Ca2 abolishes this effect, and
activation of glial cells (indicated by increased Ca2) by
interneuron firing is prevented by GABAB antagonists.
These data suggest that astrocyte activation by inter-
neurons potentiates inhibitory synaptic activity.
Further evidence for glial modulation of synaptic activ-
ity has come from the NMJ. Injection of GTPS into
PSCs to activate G proteins (mimicking activation of
G protein-coupled receptors) reduced neurotransmitter
release evoked by low-frequency motor neuron stimula-
tion (Figures 6A and 6B; Robitaille, 1998). Under these
conditions of low-frequency activity, neurotransmission
is not altered by GDPßS inhibition of G proteins, sug-
gesting that PSCs do not modulate neurotransmission
tonically. However, synaptic depression associated with
high-frequency nerve stimulation is reduced by block-
ade of PSC G protein signaling (Figure 6C). This sug-
gests that, following activation by high levels of synaptic
activity at this synapse, perisynaptic glial cells can con-
tribute to the resultant depression of neurotransmitter
release.
PSC Ca2 has been evaluated under similar conditions
to determine whether this well-characterized PSC re-Figure 4. Modulation of Neuronal Activity in the Retina
sponse to synaptic activity contributes to feedback neu-(A) Changes in neuronal firing of an ON cell (lane 1, action potentials;
romodulation. Surprisingly, in contrast to GDPßS, chela-lane 2, frequency plot) induced by alternating on and off light stimu-
tion of Ca2 with BAPTA injection into PSCs enhanceslus (lane 4) before and during a glial Ca2 wave (lane 3) mechanically
induced at the arrow. depression accompanying high-frequency stimulation.
(B) Reverse relationship between modulation of neuronal activity These data suggest that PSCs potentiate neurotransmit-
(spike frequency) and amplitude of Ca2 waves. Modified from New- ter release in a Ca2-dependent fashion (Figures 6D and
man and Zahs (1998), copyright by the Society for Neuroscience. 6E; Castonguay and Robitaille, 2001). Consistent with
this, direct injection of IP3 into PSCs and thapsigargin
exposure, which elevate Ca2, also increase neurotrans-
(light) can be reduced by Ca2-dependent activation of mitter release (Figure 6D).
adjacent glial cells in a fashion that is related to the The apparent contradiction between the capacity of
release of neuroactive substances by these cells. PSCs to coincidently enhance and diminish neurotrans-
Interestingly, D-serine and its synthesis enzyme have mission in an activity-dependent fashion is in keeping
recently been identified in retinal astrocytes (Stevens with short-term plasticity at this synapse, which is char-
et al., 2003). Treatment with D-serine enhances light- acterized by an overlap of potentiating and depressing
evoked NMDA currents from ganglion cells. Moreover, processes (discussed in relation to PSCs by Auld and
disruption of endogenous D-serine reduces tonic- and Robitaille, 2003). Since PSCs are not physically coupled
light-evoked NMDA currents, suggesting that this glial- to other synaptic elements, their capacity to modulate
derived neuromodulator is normally involved in regulat- neurotransmission is presumably related to secretion
ing ganglion cell excitability (Stevens et al., 2003). of as-of-yet unidentified neuromodulators. In summary,
The growing body of evidence showing that glial- these studies favor the existence of a synapse-glial-
derived D-serine can modulate NMDA currents implies synapse regulatory loop, indicating that activation of
that glutamate released by glial cells may not be solely perisynaptic glial cells by synaptic activity can be ac-
responsible for effects on NMDA currents at the various companied by feedback modulation of synaptic efficacy
synapses where this pattern has been identified (e.g., and short-term plasticity.
hippocampus, cerebellum, retina). In fact, it is possible Cultures of mollusc neurons and glial cells offer evi-
that glial cells modulate NMDA currents by two comple- dence for another synapse-glial-synapse regulatory
mentary molecules, namely glutamate and D-serine. It loop involving a novel mechanism. At these synapses,
will be interesting to determine the relative importance the presence of glial cells specifically inhibits cholinergic
of these mechanisms, which may differ according to transmission (Smit et al., 2001). In response to neuronal
tissue type and developmental stage. activation by nicotinic receptors, glial cells release a
soluble ACh binding protein with homology to nicotinicMost of the studies discussed thus far have used
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Figure 5. Astrocytes Modulate Inhibitory
Synapses in the Hippocampus
(A) Pyramidal neurons (Pyr), interneurons
(Int), and astrocytes (Ast) visualized with dif-
ferential interference contrast.
(B and C) Ca2 responses in astrocytes elic-
ited by activation of an interneuron.
(D) Increase in inhibitory miniature postsyn-
aptic currents following astrocyte stimula-
tion. Modified from Kang et al. (1998) and
reproduced with permission and copyright
(1998) of Nature Publishing Group.
receptors that buffers ACh, resulting in activity-depen- LTP and LTD. Indeed, rapid and/or prolonged changes
in TNF secretion by astrocytes could result in alter-dent negative feedback on synaptic efficacy. It will be
interesting to determine whether the regulated secretion ations of synapse behavior. Moreover, considering the
key role for NMDA receptors in LTP, it will be interestingof comparable buffering proteins could influence neuro-
transmission at other synapses. to determine if glial cells could influence this process
by D-serine secretion.Other evidence suggests that glial cells may contrib-
ute to more complex forms of plasticity, such as LTP, Complementary to potential glial contributions to
neuronal plasticity, glial cells themselves exhibit plastic-learning, and memory (Gerlai et al., 1995; Nishiyama
et al., 2002). Moreover, given the importance of AMPA ity in response to repeated stimulation. In fact, changes
in astrocyte Ca2 oscillations are associated with re-receptors in LTP induction, it is interesting that astro-
cyte-derived tumor necrosis factor  (TNF) rapidly in- petitive exposure to glutamate (Pasti et al., 1995). Thus,
astrocytes exhibit a form of cellular memory that couldcreases surface expression of neuronal AMPA recep-
tors, resulting in increased synaptic strength (Beattie et have significance for the regulation of neuronal proper-
ties (Carmignoto, 2000).al., 2002). In light of the proximity of astrocyte processes
to hippocampal synapses, the authors indicate that this Although the studies discussed thus far support the
hypothesis that glial modulation of neurotransmissionimplies a mechanism by which glial cells could modulate
Review
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Figure 6. PSCs Modulate Synaptic Plasticity
at the Amphibian NMJ
(A) Transmitted light image of an NMJ with
three recording electrodes. Superimposed is
a fluorescent image of a PSC injected with a
Ca2 indicator.
(B) Injection of GTPS in a PSC reduces trans-
mitter release.
(C) Blockade of PSC G proteins with GDPßS
reduces synaptic depression.
(D) Injection of IP3 in a PSC increases trans-
mitter release.
(E) Chelation of PSC intracellular Ca2 in-
creases synaptic depression.
(A)–(C) were modified from Robitaille (1998),
(copyright and reprinted with permission from
Elsevier), and (D) and (E) are from Castonguay
and Robitaille (2001) (copyright by the Society
for Neuroscience).
is typically a reciprocal response to synaptic activity, and synaptic plasticity. The direct functional association
between neurons and glial cells implies that neuronalother studies show that neuronal activity can be modu-
lated by glial cells in the absence of obvious neuronal networks continually interact with glial cells and even
glial networks. We believe that these communicationpriming. In fact, astrocyte Ca2 oscillations have been
observed independently of neuron activation in situ networks may in fact work cooperatively as a unified
“neuro-glial” network. In this model, information travel-(Aguado et al., 2002; Nett et al., 2002; Parri et al., 2001).
In light of this, it is hypothesized that glial cells may act ing through the neuronal network can be influenced by
glial cells responding to local activity at synapses (recip-as pacemakers modulating neuronal activity (Nett et al.,
2002; Parri et al., 2001). Moreover, activity in astroglial rocal modulation) or by glial cells responding to activity
in glial networks (extrinsically introduced modulation).and neuronal networks is correlated (Aguado et al.,
2002). Similar to stimulated glial Ca2waves in the retina, In both cases, the synapse serves as a significant portal
for neuromodulation. Hence, factors that alter glial se-spontaneous propagation of a Ca2 wave between neigh-
boring astrocytes in thalamic slices is associated with cretion of neuromodulators—whether resulting from lo-
cal changes at the synapse or from responses toan NMDA-dependent inward current in neurons located
along the wave path (Parri et al., 2001). These data sug- changes in possible glial networks—or glial-synapse
contact are likely to change the flow of information withingest that glial cells may shape neuronal activity as a
response to signaling within glial communication cir- neuronal circuits.
In addition to these neuromodulatory effects, othercuits, in addition to doing so as a response to synaptic
activity. The existence of glial communication networks studies have revealed quite unexpected effects of glial
cells on synapses that are more chronic in nature.based on intercellular Ca2 waves has been discussed
elsewhere (Araque et al., 2001; Carmignoto, 2000; Verkh-
ratsky et al., 1998). Glial Cells Influence the Regeneration
and Development of Synaptic ContactsIn summary, the evidence presented in this section
shows that perisynaptic glial cells in the CNS and PNS, in Exciting observations have shown that without glia,
some synaptic communication would be much less effi-vertebrates and invertebrates, sculpt synaptic efficacy
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Figure 7. Exposure to Astrocytes Increases
Several Synaptic Markers in Retinal Ganglion
Cells, as Demonstrated by Immunostaining
Bar represents 50m. Reprinted with permis-
sion from Ullian et al. (2001), copyright Ameri-
can Association for the Advancement of
Science.
cacious. The implications are far reaching, suggesting Nevertheless, neurite guidance is not the only fashion
by which glial cells can influence synapse development.that glial cells could be vital participants in synaptic
development, maintenance, and recovery. In fact, retinal ganglion cell synaptic markers are specifi-
cally increased by coculture with astrocytes or oligoden-The first indication that neuron-glial relations can be
important for re-establishing synapses came from the drocytes in a fashion that is independent of cell survival
and is mimicked by astrocyte-conditioned medium (Fig-NMJ (Son and Thompson, 1995a, 1995b). Following
muscle denervation, PSCs (also termed terminal Schwann ure 7; Mauch et al., 2001; Nagler et al., 2001; Pfrieger
and Barres, 1997; Ullian et al., 2001). The effects includecells) extend process bridges that link endplates and
guide regenerating axons to denervated endplates (Koir- enhancement of spontaneous excitatory postsynaptic
current (EPSC) frequency, EPSC amplitude, quantal con-ala et al., 2000; Love and Thompson, 1999; O’Malley et
al., 1999; Son and Thompson, 1995a, 1995b). In addition tent, and synapse number (Nagler et al., 2001; Pfrieger
and Barres, 1997; Ullian et al., 2001). Interestingly, cho-to this clear role in recovery from injury, PSC processes
appear to lead innervating neurite sprouts during devel- lesterol/apolipoprotein E complexes appear to contrib-
ute to the synapse-promoting effects (Mauch et al.,opment as well (Herrera et al., 2000). It is not known if
CNS glial cells could similarly guide neurons, but the 2001). Since withdrawal of conditioned medium reduces
synaptic markers, this indicates that astrocytes are alsopropensity of astrocytes and oligodendrocytes to inhibit
regenerating axons argues against this under many cir- important for synapse maintenance (Ullian et al., 2001).
A role for glial cells in synapse development in vivo iscumstances.
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supported by the observation that synapse formation in targets. For instance, pharmacological disruption of glu-
tamine synthesis (a major glial function) reduces epilep-the superior colicullus does not occur immediately upon
innervation by retinal ganglion cells but is concurrent tiform activity, suggesting potentially a novel avenue for
epilepsy treatment (Bacci et al., 2002). As discussed inwith the arrival of astrocytes several days later (Ullian
et al., 2001). In keeping with the retinal ganglion cell the previous section, glial cells make important contribu-
tions to synapse formation, integrity, and maintenance.data, recent evidence implies that Schwann cell-derived
factors can encourage synaptogenesis in neurotrophin- Assuming that these functions are generally important
for synapses beyond the model systems in which theytreated neuron-muscle cell cocultures (Peng et al.,
2003), and it is known that PSCs are present at develop- have been identified thus far, it is of great interest to
determine whether they are perturbed in—or can being NMJs in vivo (Herrera et al., 2000).
Glial cells can alter neurons in another fashion that harnessed to ameliorate—neurodegenerative diseases
that involve significant disruption of neurotransmissioncould have implications for synapse development. In
culture, astrocyte contact increases the N-type current and synapse loss, such as Alzheimer’s disease (Auld et
al., 2002).in hippocampal neurons during an important period of
in vitro synapse formation (Mazzanti and Haydon, 2003).
Since this is likely to promote neurotransmitter release, Concluding Remarks
the authors suggest that this could confer an advantage Glial cells can influence synapses in at least two major
during synapse elimination. In fact, the potential involve- fashions: by modulating neurotransmission in the short
ment of glial cells in synapse elimination is supported term and by helping to establish efficacy in the long
by the observations that factors that influence neuro- term. The facts that glial ensheathement of synapses
transmission also modulate synaptic elimination (Katz and neurotransmitter responsiveness are plastic sug-
and Shatz, 1996; Personius and Balice-Gordon, 2002) gest that glial influences on neurotransmission may be
and that glial cells help determine synaptic efficacy. In subject to the kind of dynamic modifications previously
addition, the maintenance and promotion of synapses believed to apply only to neurons. By virtue of their
by glia, which is not related to cell survival (Pfrieger and integration in neuronal circuits, certain glial cells can
Barres, 1997), is in keeping with the fact that synapse modify information exchange between neurons, whether
elimination often involves pruning of connections, not prompted by local synaptic activity or signaling in glial
death of the parent neuron. communication circuits. The recognition that glial cells
Other tantalizing clues suggest that glial cells help could contribute to disruption of neurotransmission in
control the extent of innervation at certain synapses. disease states promises novel avenues of insight into
Loss of synapse encapsulation by Bergmann glia is fol- their etiology and treatment. In light of the evidence
lowed by multiple innervation (Iino et al., 2001), implying collected by many groups and discussed in this review,
that they help stabilize successful innervations and/or we believe that an inclusive view of synaptic function,
keep superfluous innervations at bay. Moreover, disrup- which considers interactions with glial partners, will fur-
tion of GLAST glutamate uptake (a major function of nish a more complete understanding of neurotransmis-
Bergmann glia) is accompanied by an increase in the sion in relation to physiological and pathological condi-
persistence of multiple innervation in adulthood (Watase tions.
et al., 1998). The relevance of these studies is reinforced
by the fact that Bergmann glia processes, Purkinje den-
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